Background-The genetics and pathophysiology of Alzheimer Disease (AD) and Parkinson Disease (PD) appears complex. However, mitochondrial dysfunction is a common observation in these and other neurodegenerative diseases
Mitochondrial Etiology of Alzheimer and Parkinson Disease
Evidence strongly supports the conclusion that mitochondrial dysfunction is the major factor in the etiology of Alzheimer Disease (AD) and Parkinson Disease (PD). These diseases preferentially affect the central nervous system, which is the tissue with the highest mitochondrial energy demand. They have a complex genetics which is consistent with the Mendelian and non-Mendelian components of the cellular bioenergetic systems. They exhibit a delayed-onset and progressive course consistent with the age-related accumulation of somatic mitochondrial DNA (mtDNA) mutations and they can be strongly influenced by environmental factors including diet, climate, and the effects of a broad spectrum of environmental toxins.
The original description of AD included a progressive dementia, cortical atrophy, and amyloid plaques. Most AD cases have a late-onset and a seemingly spontaneous appearance. However, less than 1% of cases have an early-onset and exhibit Mendelian inheritance [1] . Genes found to be mutated in the early-onset cases have included Amyloid Precursor Protein (APP) and the genes of the Presenilin 1 (PS1) and 2 (PS2) complexes, one function of which is to process the APP polypeptide. When processed by the β and γ-secretase activities, APP is cleaved into the amyloid peptides, Aβ and Aβ . The Aβ peptides have been assumed to be toxic, with Aβ 1-42 being the more so. The Aβ peptides have a tendency to aggregate, and it has been found that the toxic forms of Aβ are oligomers and to a lesser extent filamentous aggregates [2, 3] .
There are now numerous studies and multiple reviews that have reported mitochondrial dysfunction in AD [4] [5] [6] [7] [8] . The presenilin complex proteins have been located in the mitochondrion [9] , suggesting that the PS complexes are important for normal mitochondrial function. Furthermore, Aβ is imported through the mitochondrial outer membrane "TOMM" (Translocase of Outer Mitochondrial Membrane) complex and it becomes localized in the mitochondrial cristae [10, 11] . APP is also bound to the mitochondrial outer membrane and processed by mitochondrial γ-secretase to release the APP intracellular domain (AICD) within the mitochondrion. Therefore, AICD and Aβ can be generated locally within the mitochondrion as well as being imported [12] . Mitochondrial Aβ is also turned over within the mitochondrion by presequence protease [13] .
AD is associated with neurofibrillary tangles, which are composed of hyperphosphorylated Tau. The N-terminal 20-22 kDa of the Tau protein is enriched in the synaptosome mitochondria of AD patients and correlates with Aβ multimeric species. Therefore, Aβ interacts with 20-22 kDa N-terminal Tau and the complex may impair mitochondrial function [14] .
Dysfunctional autophagy may also contribute to the decline in mitochondrial function in AD [15] . This may be attributed in part to altered mitochondrial dynamics (fission and fusion) [16] Aβ has been reported to enter the mitochondrion. There, it inhibits mitochondrial function by increasing mitochondrial membrane viscosity, causing a decrease in ATP/O ratio, reducing electron transport chain (ETC) activity, increasing ROS production, and facilitating cytochrome c release [17] . Incubation of cultured neurons with Aβ oligomers results in an 89% reduction in mitochondrial membrane potential within two hours of exposure, followed by mitochondrial release of cytochrome c and apoptosis initiating factor (AIF) within 8 hours [3] . Synaptic mitochondria are more sensitive to Aβ mitochondrial toxicity than are neuronal mitochondria and synaptic mitochondrial dysfunction is an early manifestation in mouse models of AD [18, 19] .
Aβ has been shown to specifically inhibit cytochrome c oxidase (COX or complex IV) [20, 21] . One possible mechanism for this inhibition is that Aβ can bind heme, including the heme-a of COX, creating an Aβ-heme complex, which is also a peroxidase [22] . Chronic exposure of rats to the COX inhibitor NaN 3 results in cognitive deficits and neuronal morphological changes [23] .
Aβ has been reported to inhibit mitochondrial Mn superoxide dismutase (MnSOD), increasing oxidative stress, and over-expression of MnSOD is protective of AD [24] . Similarly, Aβ has been reported to inhibit cyclophilin D, a component of the mtPTP [25] . Early stage AD brains also show lipoxidation of the α-subunit of the ATP synthase, in association with reduced ATP synthase activity [26] . In addition, Aβ perturbs the mtPTP, inhibits OXPHOS complexes III and IV, and also binds and inhibits mitochondrial alcohol dehydrogenase, designated Aβ Alcohol Dehydrogenase (ABAD) [11, 27] . The interaction between Aβ and ABAD has been associated with mitochondrial dysfunction and dementia, and one hypothesis argues that alteration of ABAD increases mitochondrial aldehyde toxicity [25, [28] [29] [30] .
PS1 and PS2 have been reported to interact with mitochondrial proteins. They form a complex with the outer mitochondrial membrane protein FKBP38 and Bcl-2 thus modulating mitochondrial mtPTP-mediated apoptosis [31] . PS1 also interacts with Om1/ HtrA2, a pro-apoptotic protein stored in the mitochondrial intermembrane space. The Cterminus of PS1 activates the proteolytic activity of Om1/HtrA2, which degrades antiapoptotic proteins [32] .
The PS1 and PS2 complexes have recently been associated with "Mitochondrial-Associated Membranes" (MAMs). MAMs are thought to be specialized compartments of the endoplasmic reticulum (ER), which connect the ER with the mitochondrion and are important in lipid and calcium (Ca ++ ) metabolism. Altered PS metabolism could thus alter Ca ++ flux into the mitochondrion, initially activating rate-limiting mitochondrial dehydrogenases, then increasing mitochondrial reactive oxygen species (ROS) production, and ultimately activating the mitochondrial permeability transition pore (mtPTP). Activation of the mtPTP would lead to caspase activation and synaptic loss [33, 34] . Thus, the localization of PS1 & 2 in the MAMs is consistent with the observed association between ER stress, Ca ++ dysregulation, and mitochondrial dysfunction in AD [35, 36] .
Late-onset AD cases are commonly associated with the apolipoprotein E gene ε4 allele (ApoE ε4) [5] . This association has been linked to mitochondrial dysfunction by demonstrating that transgenic mice which over-express ApoE ε4 have reduced levels of complexes I, IV, and V [37] . The special neuronal toxicity of ApoE ε4 has been proposed to result from ApoE ε4's unique ability to undergo an interaction between the N-and Cterminal domains, creating a compact structure. ApoE ε4 is then subject to neuron-specific cleavage and the N-terminal cleavage product becomes associated with the mitochondrion and inhibits mitochondrial function [38, 39] .
The ApoE ε4 allele is linked to the mitochondrial outer membrane protein import gene, TOMM40. Recently, an association has been observed between a TOMM40 polymorphism and AD, which is independent of the ApoE ε4 association, thus further supporting a direct link between mitochondrial function and AD [40, 41] .
About 20% of AD patient brains also show the neuropathologic features of PD (AD-PD). PD is a progressive movement disorder in which the brain develops protein aggregates called Lewy bodies composed of α-synuclein and ubiquitin. As is the case for AD, a small proportion of PD cases have been linked to chromosomal loci.
Of the chromosomal loci, PARK1, encodes α-synuclein, with mutations in this gene being dominant. α-synuclein has been implicated in the maintenance of the contorted mitochondrial membranes [42] . The dominant PARK8 locus encodes the leucine-rich repeat kinase 2 (LRRK2), mutations in which have been associated with OXPHOS dysfunction [43] . The PARK7 locus encodes DJ-1, which has been associated with complex I defects, increased mitochondrial ROS production, reduced mitochondrial membrane potential, and altered mitochondrial morphology [44] [45] [46] . DJ-1 defects have been shown to preferentially affect substantia nigra dopaminergic neurons over ventral tegmental neurons due to differences in Ca ++ metabolism and uncoupler protein expression [47] . The PARK2 and PARK6 loci encode parkin and PTEN-induced kinase 1 (PINK1), both of which control mitochondrial turnover by mitophagy [48] [49] [50] [51] [52] [53] [54] [55] . Thus many of the chromosomal PD genes are part of an integrated pathway for maintaining the integrity of the mitochondria.
The link between AD and PD is also supported by inclusion body myositis, which is associated with intermyofiber accumulations of Aβ. Parkin is expressed in the brain, skeletal muscle, and other tissues, and muscle and cells lacking parkin are more sensitive to intracellular Aβ toxicity. Increased levels of parkin are protective of both mitochondrial toxins and Aβ [56] .
Mitochondrial Biology and Genetics
These observations indicate that mitochondrial dysfunction is central to the underlying pathophysiology of AD and PD. The mitochondria generate much of the cellular energy and the brain is the organ most reliant on mitochondrial energy, representing 2% of the body's weight but consuming 20% of the oxygen. Therefore, a systemic mitochondrial defect will preferentially cause symptoms in the brain.
The mitochondria also regulate cellular REDOX state, generate most of the ROS, buffer cytosolic Ca ++ levels, and regulate apoptosis through the activation of the mtPTP. Mitochondria and mtDNAs are continuously being produced within cells and the addition of mitochondria to the cell is balanced by an equal rate of degradation of the mitochondria by mitophagy. Hence, the mitochondria and mtDNAs are maintained in a dynamic steady state [5, 57] .
The mitochondrial genome consists of the maternally-inherited mtDNA plus between one and two thousand nDNA-encoded genes. The mtDNA encodes key components of mitochondrial OXPHOS specifically related to electron and proton transport. Hence, the mtDNA encodes the circuit diagram for the mitochondrial power plants. The nDNA encodes all of the genes required to assemble the mitochondrion and the structural elements of the OXPHOS complexes [57, 58] .
Each cell contains hundreds of mitochondria and each mitochondrion contains multiple mtDNAs packaged in nucleoids. Hence, most cells contain thousands of mtDNAs. The mtDNA encodes 13 polypeptides, 22 tRNAs, and a 12S and 16S rRNA. The 13 polypeptides are the central components of OXPHOS complexes I, III, IV and V. These four enzymes work together to generate and utilize the mitochondrial inner membrane electrochemical gradient. This inner membrane capacitance is produced by the burning of reducing equivalents (electrons) derived from the carbohydrates and fats in our diet with the oxygen that we breathe to produce water. The energy that is released as the electrons flow through the electron transport chain (ETC) complexes I, III, and IV is used to pump protons out across the mitochondrial inner membrane. The potential energy in this capacitor is then used by complex V (ATP synthase) to condense ADP + Pi into ATP. The ATP and ADP are exchanged across the mitochondrial inner membrane by the adeneine nucleotide tranlocators (ANTs) and the outer membrane by the voltage dependent anion channels (VDACs).
Complex I (NADH dehydrogenase) is composed of 45 polypeptides, seven (ND1, 2, 3, 4L, 4, 5, & 6) encoded by the mtDNA; complex III of 11 polypeptides, one (cytochrome b (cytb)) encoded by the mtDNA; complex IV of 13 polypeptides, three (COI, II, & III) encoded by the mtDNA; and complex V of approximately 15 polypeptides, two (ATP6 & ATP8) encoded by the mtDNA. All of the mtDNA mRNAs, except for ND6, are encoded by the guanosine (G)-rich heavy (H)-strand of the mtDNA and are derived from one long polycistronic transcript. This transcript also encompasses the two rRNA genes and the majority of the tRNA genes, which punctuate the rRNA and polypeptide sequences. As this transcript is generated, the tRNAs are cleaved out to generate the mature rRNA and mRNA transcripts which are then poly-adenylated. ND6, by contrast, is transcribed from the cytosine (C)-rich light (L)-strand using an independent L-strand promoter. ND6 is critical for complex I assembly.
The 22 tRNAs and two rRNAs are the structural RNAs for the bacteria-like mitochondrial protein synthesis apparatus. The mitochondrial mRNAs are translated within the mitochondrion on ribosomes that are sensitive to certain bacterial ribosome inhibitors, for example chloramphenicol [59] . Consistent with the bacterial origin of the mitochondria, the mitochondrial ribosomal translation products are initiated by a formyl-methionine, while cytosolic ribosomal translation products are not. Hence, the mitochondrial translation products have the same molecular signature as those of exogenous bacteria [5, 57] .
The genetics of the mitochondrion is complex because it encompasses the rules of both Mendelian and non-Mendelian genes. The mtDNA is exclusively maternally-inherited and represented by thousands of copies per cell. In the process of making energy, the mitochondrion generates much of the cellular ROS, which can damage the mitochondria and mutagenize the mtDNA. Hence, the mtDNA has a very high mutation rate. When an mtDNA mutation arises in a cell, this creates an intracellular mixture of mutant and normal mtDNAs, a state known as heteroplasmy. When the cell undergoes either mitotic or meiotic cytokinesis the mutant and normal mtDNAs are distributed to the daughter cells stochastically. Therefore, the percentage of mutant mtDNAs can drift during cell division toward either more or less mutant. As the percentage of mutant mtDNAs increases, the energy output of the cell declines until it crosses the minimum energy threshold for that tissue to function, the bioenergetic threshold, at which point symptoms appear.
Three types of mtDNA variation are relevant to neurodegenerative disease: maternally transmitted recent deleterious mutations, ancient adaptive polymorphisms that are maladaptive in the modern environment, and somatic mtDNA mutations that accumulate in tissues with age.
A large number of inherited mtDNA mutations have been described to cause neurological disease, including dementias and movement disorders [5, 60] .
The mtDNA is also highly polymorphic with functional mtDNA variants having been enriched in ancient regional populations because the variants were advantageous in that local environment. As the frequency of these adaptive variants increased due to selection, additional mtDNA mutations accumulate along the radiating maternal lineage. This created groups of related mtDNA haplotypes, known as haplogroups [61] [62] [63] [64] . Founding functional variants of the various haplogroups are now being shown to predispose to a wide range of degenerative diseases [5, 57, 65] .
Finally, in post-mitotic cells, mitochondrial ROS as well as other mutagenic processes result in the accumulation of somatic mtDNA mutations in tissues with age. As more mtDNAs become damaged, the energy output of the cell declines until it falls below its bioenergetic threshold. Energy limitation initially results in a decline in cellular function, but ultimately can culminate in the activation of the mtPTP and the destruction of the faulty cell by apoptosis. This age-related accumulation of somatic mtDNA mutations provides the aging clock and can exacerbate partial OXPHOS defects resulting from inherited nuclear DNA (nDNA) or mtDNA mutations or polymorphisms [5, 57] . The common 5 kb mtDNA deletion, for example, accumulates with age in many tissues, but it reaches the highest levels in the cerebral cortex and the basal ganglion of the brain, the tissues affected by AD and PD [66, 67] .
Amelioration of the effects of the age-related accumulation of somatic mtDNA mutations may be one of the main functions of the mitochondrial fusion-fission and the PINK1-parkin systems. Deleterious mtDNA mutations can complement each other in trans thus retarding mitochondrial functional decline [68] , but this also masks the mutant mtDNAs. Mitochondrial fission and fusion can partition mutant mtDNA nucleoids into separate mitochondrial structures. If the mutation results in a decline in the mitochondrial membrane potential, then the PINK1-parkin system is activated to eliminate the mutant nucleoid and defective mitochondria by mitophagy [55] . Mutational inactivation of the PINK1-parkin pathway removes this mitochondrial maintenance system and permits a more rapid accumulation of mutant mtDNA.
Inherited mtDNA Variation in AD and PD

Haplogroups
In 1993, we reported that a variant in the tRNA Gln gene at nucleotide (nt) A4336G was enriched in AD and PD patients (Figure 1 ). In our initial survey, we found this variant in 3.2% AD, 5.3% PD and 6.8% AD+PD patients but only 0.4% controls. This variant arose about 8,500 to 17,000 years ago creating a European mtDNA lineage predisposed to neurodegenerative disease, now designated haplogroup H5a [69] . The association between the 4336 variant and AD was first confirmed in 1995 [70] , has been observed multiple additional times [5] , and most recently reaffirmed in a survey of 936 AD patients and 776 controls from central and northern Italy, where it was found in 2% of AD patients and 0.8% of controls [71] . Additional mtDNA variants have also been associated with AD in ours and other regional studies [5, 57, 69, 72] .
Since this first association, multiple studies have shown that certain mtDNA haplogroups either increase or decrease the probability of neurodegenerative disease. Haplogroups U and T have been associated with decreased risk of developing AD in most contexts [69, [73] [74] [75] , though Uk was found to increase AD risk in a brain imaging study [76] . Similarly, haplogroup H has been associated with increased risk, and haplogroups J and Uk with decreased risk, for developing Parkinson Disease [77] [78] [79] . The variable effects of haplogroup Uk in AD may stem from the fact that it has a relatively strong effect on mitochondrial OXPHOS and thus energy output [65] . Hence, this haplogroup may be particularly sensitive to contextual influences. For example, in a study of mtDNA haplogroups and AIDs progression, Uk had the opposite influence as did other U and J mtDNA haplogroups [80] .
Somatic mtDNA Variation in AD
In addition to correlations with ancient polymorphisms, somatic mtDNA mutations, such as the common 5 kb deletion, have been observed to be increased in the frontal cortex of AD [81] and Huntingtion Disease brains [82] . Somatic mtDNA deletions have also been observed in the neurons and cells of the substantia nigra in PD patients and aged-controls. The neurons containing the mtDNA deletions also show OXPHOS enzyme defects by histochemical staining [83, 84] .
Base substitution mutations in the mtDNA are also elevated in the brains of AD patients and in Down Syndrome (DS) patients that progress to an AD-like dementia (DSAD) [85, 86] . We have found that AD brains, but not control brains, harbor a mtDNA control region mutation, T414G. This mutation alters the mitochondrial transcription factor (Tfam) binding site associated with the L-strand promoter, which transcribes the ND6 gene [87, 88] . This mutation was originally observed to accumulate with age in human skin fibroblasts [89] . Subsequent cloning and sequencing of the control regions from AD and control subjects revealed that AD brains harbored more mtDNA mutations than control brains, and that some mutations can accumulate to high levels of heteroplasmy in AD brains. Furthermore, in contrast to the less frequent control brain mutations, the AD mutations preferentially altered known mtDNA control region transcription and replication regulatory sites. An analogous significant increase in somatic mtDNA control region mutations have also been observed in PD brain samples (Figure 2 ).
The elevated mtDNA control region mutation levels in AD brains were correlated with a 50% reduction in the L-strand ND6 transcript levels relative to the H-strand ND2 gene transcript levels and a comparable reduction in the mtDNA/nDNA copy number [85] . That control region mutations could affect both L-strand transcript levels and mtDNA copy number was confirmed by our demonstration that a single nucleotide change in the haplogroup J control region was associated with a doubling of mtDNA L-strand transcription and mtDNA copy number [90] . However, the reduced ND6 mtDNA levels might also be the product of an epigenetic response to the systemic mitochondrial defect. Recently, it has been found that the myocyte enhancer factor 2 (MEF2) family member, MEF2D, is imported into the mitochondrion and that it binds to the mtDNA at a site within the ND6 gene. MEF2D has been found to be required for the maintenance of ND6, and loss of MEF2D results in the decline of ND6 mRNA levels, loss of complex I activity, reduced ATP production, and increased H 2 O 2 production. MEF2D is located in neurons and is required for neuronal development, synaptic plasticity, and survival. Moreover, brains of animals treated with the complex I inhibitors MPTP and rotenone and autopsy brains of PD patients have been found to be deficient in MEF2D [91] . If altered MEF2D expression also occurs in AD brains, it might contribute to lower ND6 levels in both neurodegenerative diseases.
We have confirmed and expanded our studies on brain somatic mtDNA mutation rates by cloning and sequencing the entire mtDNA control region from AD, DS, DSAD, and control subjects (Figure 3) . Again, the somatic mutation levels of the mtDNA control region were found to be elevated in the AD and DSAD brains relative to DS and control brains, and the DSAD and DS somatic mutations preferentially affected functional nucleotides and were occasionally found at high heteroplasmy levels [86] .
Analyzing the mtDNA control region frequencies in blood and brain samples from the same AD and control subjects revealed that mtDNA control region mutation levels were elevated in both tissues ( Figure 3A) . Hence, the increased mtDNA somatic mutation levels are not brain-specific, but are likely to be elevated throughout the body. Moreover, in some cases the same somatic mutation was found at high heteroplasmy levels in both blood and brain. In one case, a control region mutation, G185A, was present in 100% of the brain mtDNA and 91% of the blood mtDNAs. This patient's mtDNA was haplogroup U5a1, and this haplogroup does not normally harbor the G185A mutation. In another case, the mutation G207A was found in 75% of the brain mtDNAs and 94% of the blood mtDNAs. This same G207A mutation was also found in 88% of the brain mtDNAs in another case. These observations indicate that the G185A and G207A mutations arose early in development and became selectively enriched to high levels in multiple organs over the lifetime of the patient [86] .
Further evidence that an increased somatic mtDNA mutation rate is a systemic feature of AD patients was obtained by evaluating the mtDNA control region mutation levels in lymphoblastoid cell lines derived from AD, DS, DSAD, and control blood samples ( Figure  3B ). Cell lines derived from both AD and DSAD patients retained elevated mtDNA control region somatic mutation levels relative to the DS and control lymphoblastoid cell lines. Therefore, either the mutant mtDNAs are preferentially replicated in the lymphoblastoid cell lines or the high mtDNA mutation rate is retained in these cells and is continuously adding new mtDNA mutations as the old ones are lost [86] .
To determine if the increased mtDNA somatic mutations affected mtDNA function, we again examined the ratio of ND6 L-strand mRNAs to ND2 H-strand mRNA levels and the mtDNA/nDNA ratio in AD, DS, DSAD, and control brains. Consistent with our original AD report, we observed that the ND6 transcript levels were reduced in AD, DS, and DSAD brains relative to controls (Figure 4 ).
The cellular mtDNA/nDNA ratio was also reduced in AD brains as well as DSAD brains relative to controls ( Figure 5) . Interestingly, the DS mtDNA/nDNA ratio proved to be elevated ( Figure 5 ). Given that all of these cell lines had reduced mtDNA ND6 transcript levels and presumable partial complex I defects, then the elevated DS mtDNA levels might represent a compensatory up-regulation of mitochondrial biogenesis in response to a mitochondrial defect caused by trisomy 21.
These mtDNA genetic alterations also correlate with altered Aβ metabolism. In DSAD brains, β secretase activity was observed to increase as the somatic mtDNA control region mutation levels increased in brain. Furthermore, the β secretase activity increased as the brain mtDNA/nDNA ratio declined. While soluble Aβ 42 accumulated with mtDNA/nDNA ratio, insoluble Aβ 40 increased as the mtDNA/nDNA ratio declined ( Figure 6 ). Hence, mitochondrial somatic mutations and dysfunction correlate with alterations in Aβ metabolism [86] .
Since somatic mtDNA mutations are found to arise early in development, long before Aβ accumulation in the brain, Aβ accumulation can not account for the increased mtDNA somatic mutation levels. Rather, the increased mtDNA somatic mutation levels can account for the increased Aβ accumulation.
Physiological Consequences of Increased mtDNA Mutations in AD & PD
Genetic evidence that mtDNA mutations can institute AD-like changes comes from cybrid studies [93, 94] . AD cybrids are generated by fusion of blood platelets from AD patients to established neuroblastoma cell lines which lack mtDNA (ρ o ) [95] . Extensive analysis of such cybrid cell lines has revealed that their bioenergetic function declines with increasing time in cell culture [96] . AD-neuroblastoma cybrids have been shown to have reduced complex IV specific activity, increased oxidative stress, Aβ peptide secretion, and flickering of the mitochondrial Δψ M linked to ATP-synthase activity [97] . Differentiated neuroblastoma cybrids have elongated mitochondria, reduced mitochondrial movement along cybrid neurites [98] , and increased autophagic vesicles consistent with reduced microtubule networks [99] . Differentiated AD cybrids also have ROS-mediated alterations in tyrosine and serine-threonine kinase activity associated with reduced tropomyocin receptor (TrkA) signaling and p75 neurotropin receptor expression. This is associated with altered nerve growth factor signaling, generation of Aβ, and reduced cell viability [100] .
Therefore, all of the above studies support the conclusion that AD is the product of the decline in mitochondrial function, to which the brain responds by altering APP processing to produce Aβ. Initially, Aβ is non-deleterious, perhaps even protective. However, as the level of Aβ accumulates and enters the mitochondrion, it ultimately oligomerizes and becomes toxic to the mitochondria disrupting energy homeostasis [101] .
That Aβ is produced as a soluble monomer and only becomes toxic after it reaches a sufficient concentration to form oligomers implies that it has two different functional phases. Phase one is either innocuous or benefical. Phase two is lethal.
Proteomic analysis of AD brain mitochondria has revealed an induction of proteins associated with mitochondrial energy metabolism, including ANT, VDAC, hexokinase, and creatine kinase [102] . This might reflect a compensatory up-regulation of mitochondrial energy production in response to a chronic mitochondrial dysfunction or an initially protective aspect of Aβ and/or Tau for mitochondrial function.
We have observed a similar biphasic consequence of the induction of the heart-muscle-brain adenine nucleotide translocase, isoform 1 (Ant1) in response to brain injury. The Ant proteins not only export mitochondrial ATP into the cytosol in exchange for cytosolic ADP, they also regulate the mtPTP and thus the initiation of apoptosis. In damaged brain, Ant1 expression is induced in astrocytes by elevated TGFβ, acting through the SMAD pathway [103, 104] . Presumably, the increased Ant1 increases ATP export to facilitate repair of the cellular damage as well as facilitate the uptake of excitotoxic glutamate. While knockout of Ant1 has no effect on unchallenged brain function, when Ant1−/− mice are challenged with the kainate, they prove to be substantially more resistant to excitotoxic death. This correlates with an increased resistance of the neuronal mtPTP to Ca ++ activation [105] . These data indicate that initially, the Ant1 induction increases ATP export to aid in the repair of damaged cells and neurons. However, if the cells are sufficiently damaged that the increased ATP does not resolve the cellular problem, the Ant continues to be induced, eventually reaching a sufficiently high level that it activates the mtPTP and destroys the damaged cell by apoptosis. Early in life when cells are plentiful, this strategy would rid tissues of faulty cells which could degrade neurological function. However, later in life, as cells become limiting, the continued loss of cells would impair the computational power of the brain.
By analogy, induction of Aβ by mitochondrial dysfunction might initially serve a protective function for the cell and its mitochondria. For example, Aβ monomers may function as antioxidants [5] . However, if continued mitochondrial dysfunction persists, then induction of Aβ will continue until the Aβ begins to aggregate into oligomers. At this point, the Aβ begins to inhibit mitochondrial function, ultimately leading to bioenergetic failure, activation of the mtPTP, and the destruction of the faulty neurons. Again, such a system would be advantageous early in life with abundant cells, but leads to cortical and basal ganglion neuronal depletion later in life resulting in AD and PD, respectively. By this model, Ant1 and Aβ induction exhibits antagonistic pleiotrophy.
Mitochondrial Functional Changes with Age in 3XTg-AD Mice
To test this biphasic hypothesis of Aβ action, we characterized mitochondrial OXPHOS function in the forebrains of a mouse AD model throughout their life span. We used the triple transgenic-AD mouse model (3XTg-AD), which is homozygous for three transgenes, PS1 M146V , tau P301L , and APP Swe (KM670/671NL), maintained on a 129/C57BL6 hybrid background. This model develops the plaques and tangles seen in AD neuropathology and develops behavior abnormalities later in life [106] .
Analysis of the 3XTg-AD mouse forebrain weights revealed that both male and female 3XTg mice have reduced brain sizes at birth and throughout life (Figures 7) . We hypothesize that this brain size reduction may be the result of some developmental abnormality.
We next analyzed the mitochondrial respiration of isolated forebrain mitochondria. We first examined the electron flux down the ETC by measuring mitochondrial oxygen consumption, driven by the site I substrates, pyruvate and malate, which feed electrons into complex I (Figure 8 ). These studies were performed in the presence of the OXPHOS uncoupler (FCCP) to release the constraints on respiration imposed by ATP synthase (complex V). The male 3XTg-AD mouse mitochondria had consistently lower uncoupled respiration rates than male controls. The female 3XTg-AD mouse mitochondria initially had an uncoupled mitochondrial respiration rate similar to that of the female control mitochondria, but this declined throughout life descending to the same final level as seen for the male 3XTg-AD male mitochondria. Thus, both male and female 3XTg-AD mice had impaired mitochondrial ETC, but the males appear to be affected much earlier than the females.
To further investigate the sex difference in mitochondrial responses of the 3XTg-AD mouse mitochondria, we analyzed the ADP-stimulated (State III) respiration when metabolizing the site I substrates, pyruvate and malate ( Figure 9 ). The state III respiration rates of the male 3XTg-AD mice were again consistently below that of control mice throughout life. The female 3XTg-AD mice had initial state III respiration rates that were greater than those of female control mice. However, these female state III respiration rates declined as the mice aged, ultimately falling below the control level by about 420 days of age and continuing to decline until the end of life.
To determine which component of the ETC might be responsible for the biphasic response in the female 3XTg-AD mice, we analyzed the specific activity of each of the ETC enzymes. This revealed that the complex IV activity in the female control mice was consistently higher than that of the male control mice. Furthermore, the complex IV activity of the female 3XTg-AD mice started just below that of the control female mouse level, but then declined throughout life (Figure 10 ).
Finally, while the complex I specific activities of the male and female control and male 3XTg-AD activities were quite similar, the complex I activity of the female 3XTg-AD mice was strikingly different (Figure 11 ). At one month after birth, the 3XTg-AD female complex I activity was almost twice that of the female controls. However, it then declined sharply throughout life, falling below that of the control animals by five months of age.
Thus, there is a striking sexual dimorphism in response to over-expression of mutant APP, tau, and PS1. The male 3XTg-AD mice show a consistently reduced forebrain mitochondrial respiration rate, both when coupled and uncoupled to ATP synthesis. By contrast, the females, show a striking biphasic response with an initially elevated brain state III respiration rate followed by progressive decline. This biphasic response seems to be a primary consequence of complex I activity with a secondary contribution by complex IV.
Interestingly, in an independent study, it was reported that the respiratory control ratio (RCR) was reduced in female 3XTg-AD female mice at 3, 6, 9 and 12 months relative to controls, while in our studies the RCR was similar to matched control mice, averaging about 4. These investigators also observed reduced pyruvate dehydrogenase at all four ages and reduced complex IV at 6, 9 and 12 months. However, they did not report on the activity of complex I [107, 108] .
In an effort to determine the biochemical factor(s) that cause this decline in mitochondrial function in the 3XTg-AD mice, we examined mitochondrial Δψ, calcium sensitivity, mitochondrial H 2 O 2 production, and mitochondria O 2˙− production by Mitosox fluorescence. The only significant difference was found in two to three month old male 3XTg-AD mice, whose mitochondria produced more H 2 0 2 than age matched controls (p = 0.02). Perhaps, this elevated ROS production inhibits electron transfer between the OXPHOS complexes in the male 3XTg-AD mouse mitochondria explaining the reduced electron transport rate. By contrast, the elevated state III respiration and complex I and IV activities of the female 3XTg-AD mice suggest that the initial increased Aβ and tau levels may stabilize complexes I and IV or increase their biogenesis. However, Aβ subsequently forms Aβ oligomers, which inhibit the enzyme function.
The difference in mitochondrial response of the male and female 3XTg-AD mice would seem surprising from a classical Mendelian genetics perspective. However, such sex biased expression of mitochondrial defects is seen in mitochondrial disease. Leber Hereditary Optic Neuropathy (LHON) is a form of blindness that is caused by mild mtDNA mutations. In most LHON families, all maternal relatives have high levels of the mutant mtDNA, yet there is a 3 to 1 male bias in developing blindness [5] . Since all maternal relatives in LHON pedigrees have high levels of mutant mtDNAs, females must have a greater resistance to the deleterious effects of the mtDNA mutations than males. One possibility is that estrogen is protective of mitochondrial dysfunction. We have shown that the estrogen receptor is present in the mitochondrial matrix and that exposure of mitochondria to estrogen activates MnSOD antioxidant activity [109] . A similar mechanism might explain the greater resistance of females to the adverse effects of Aβ toxicity early in life, which they lose as estrogen production declines during the post-reproductive period.
Conclusion: A Mitochondrial Pathophysiology of AD and PD
From this accumulate evidence, we can now formulate a mitochondrial etiology for AD and PD that integrates all of the observations to date. The core concept is that the underlying pathophysiology of AD, PD, DS, and DSAD is bioenergetic decline due to mitochondrial dysfunction. The neuronal dysfunction is the result of the age-related progressive decline in mitochondrial function, which ultimately becomes insufficient for optimal neurological function. The increasing mitochondrial dysfunction stimulates the expression of Aβ in AD and DSAD, initially as a compensatory response, which ultimately reaches sufficient concentrations to form aggregates and the plaques ad tangles. Perhaps, in PD, α-synuclein is also initially induced as a protective function, but later reaches sufficient concentration to aggregate into Lewy bodies.
Individual predisposition to AD and PD can result from partial defects in mitochondrial function resulting from mild variants in the over a thousand nuclear DNA-encoded mitochondrial genes, recent relatively deleterious mtDNA mutations, or more ancient functional mtDNA variants that are now maladaptive. These inherited mitochondrial defects are insufficient in themselves to drop mitochondrial energy production below the minimum bioenergetic threshold for normal brain function. However, they increase the rate at which somatic mtDNA mutations accumulate in the cortex and/or the basal ganglion. This ageassociated accumulation of somatic mutations further erodes brain cell energetics until the combination of the inherited and the acquired mitochondrial defects become so severe that there is insufficient mitochondrial energy production to sustain normal neuronal function.
Nuclear gene mutations which contribute to this process include partial defects in OXPHOS genes, and mutations in genes that compromise the nuclear genetic functions that counteract the inherent age-related decline in mitochondrial function. In the case of PD, such nuclear DNA mutations affect mitochondrial structural integrity (α-synuclein), antioxidant defenses (DJ-1, LRRK2), and mitochondrial and mtDNA quality control through compromising mitophagy (PINK1 and parkin). In the case of AD, rare mutations in APP gene and its PS processing enzymes result in an overly aggressive production of Aβ. Initially, this excess phase 1 response is strongly protective of female mitochondrial function, particularly of complex I. However, consistently high levels of Aβ early in life prematurely initiate Aβ aggregation. The resulting toxic oligmeric form begins the destructive Aβ phase 2, resulting in premature neuronal death and dementia. In DS, with an extra copy of the APP gene on chromosome 21, the protective aspect of soluble Aβ might account for the increased mtDNA levels in younger DS subjects, but also for the premature aggregation of Aβ resulting in the early initiation of the destructive phase 2 leading to DSAD.
These considerations leave one persistent observation unaccounted for. In both AD and PD, the decline in mental function and the increase in neuronal loss is associated in increased local inflammation. Increased mitochondrial ROS is likely to contribute to this state. However, there is an additional possibility. The mitochondrially translated polypeptides contain a formyl methionine, making them similar to foreign bacterial antigenic polypeptides. Indeed, it has recently been shown that both mitochondrially translated polypeptides and mtDNA have the properties necessary for the cell and the immune system to see them as bacterial invaders [110] .
The polypeptides with the mtDNA sequence present during development would be protected from immune rejection by the development of tolerance during thymic maturation of T cells. However, as the mtDNA accumulates somatic mtDNA mutations, the mutant polypeptides would no longer be protected by tolerance and thus seen as foreign. That mtDNA polypeptides with altered amino acid sequences can initiate a T-cell response has been demonstrated by generating mice that are isogenic for all nDNA genes, but differ in their mtDNA sequence. Injecting the cells with one mtDNA type into mice with another mtDNA type results in T cells that can kill the injected cells in a mixed lymphocyte assay. This has been shown to be driven by amino acid polymorphisms that occur toward the N-terminal end of the mtDNA encoded polypeptides [111] .
Therefore, as somatic mtDNA mutations accumulate throughout the body, mitochondrial function progressively declines. The cerebral cortex and basal ganglion are especially sensitivity to this decline, because they both already have the highest somatic mtDNA mutation rate of any tissue in the body [66] and because they are the most reliant on mitochondrial energy production for normal function [5] . As the energetics of the brain cells declines, the apoptotic process fails due to energetic insufficiency. Mitochondria with the mutant formyl-methionine peptides are then released into the intercellular space, where they can be recognized as foreign and instigate an inflammatory response. These summed mitochondrial factors then combine to produce the observed features of AD, PD and DSAD.
Materials and Methods
Transgenic mice and handling
3xTg AD mice on C57Bl/6J and 129S4hybrid background were generated as previously described [106] . For body and brain weight assessment, 3 to 6 mice in each sex and each genotype (3xTg and wild type) were used starting from the ages of one month to 28 months with one month intervals except for the ages of 11, 14, 19, 20 and 25 months. For mitochondrial respiration and complex IV activity, 3 to 6 mice in each sex and each genotype were used from the ages of 1, 2, 3, 4, 6, 9/10, 15/16 and 21 months old and repeated the analysis twice. In mitochondrial respiration, uncoupler respiration rate was not acquired from 12 and 15 months group due to the limited samples. For complex I, 4 to 6 mice in each sex and each genotype were used from the ages of 1, 3, 4, 6 and 9 months. For Complex II activity, same animals were used at same time point except 9 months old. Mitochondrial membrane potential and Calcium sensitivity were measured at the ages of 2, 4, 11, 15 and 21 months using 3 to 6 mice in each sex and genotype. For H 2 O 2 assay, 3 to 6 mice in each sex and genotype were used at the ages of 2, 3, 4, 6/7, 9, 12, 15 and 21 months, while for Mito-Sox assay, 3 to 6 mice in each sex and genotype used at 5/6, 9 and 21 months. Mice were maintained at 20-23 °C on a 13-hour light/11-hour dark cycle using the procedures mandated by the National Institutes of Health guidelines and the University of California Institutional Animal Care and Use Committee. Animals were sacrificed by cervical dislocation, and body weight was measured before dissection. Brain weight was measured prior to dissecting out brain stem and cerebellum.
Mitochondrial isolation and respiration
The forebrain tissue is dissected and placed in ice-cold homogenization buffer (10 ml homogenization buffer consisting of 225 mM mannitol, 75 mM sucrose, 10 mM MOPS, 1 mM EGTA and 0.5% BSA (pH 7.2)). The rest of the steps are performed at 4 °C unless otherwise indicated. Mitochondria are isolated by gentle mincing using Potter-Elvehjem grinder with Teflon pestle with seven strokes of the pestle in homogenization buffer. Homogenate centrifuged at 1000xg for 5 mins twice and supernatant collected to spin at 8000xg for 15 mins. Pellets were treated with 0.02 % final concentration digitonin in 10mL homogenization buffer and centrifuged at 8000xg for 15 mins. The pellet was washed with 10 mL homogenization buffer and centrifuged at 8000xg for 15 mins. The pellet was resuspended in 400uL homogenization buffer and protein amount was measured using Bradford method using Bio-Rad reagents and correcting for the BSA content in the homogenization buffer. For respiration, mitochondrial membrane potential, Ca ++ sensitivity and mitochondrial oxidative stress measures were performed on freshly prepared mitochondria within first 2 hours after isolation. For complex activities, mitochondria were frozen in liquid nitrogen and stored at −80°C until the experiments were executed. Respiration rates were determined polarographically by oxygen consumption using a Clarktype electrode by Hansatech Instruments Ltd Oxygen Electrode Measurement Systems. For each experiment, we used 500ugr mitochondrial protein. State 3 and 4 oxygen consumption rates were determined using complex I substrates Glutamate and malate. FCCP (ptrifluoromethoxy carbonyl cyanide phenyl hydrazone) was used to measure uncoupling rate for the maximum respiration rate and oligomycin was used to inhibit the ATP production.
Electron chain enzyme activities
Mitochondrial electron chain enzyme complex I, II, IV and citrate synthase activities were assayed as previously discussed [112] . All the activities were measured on a 96 well plate set up, and specific wavelength absorption was measured using spectrophotometer, SpectroMax Molecular Devices. Complex I and II assays were tested using 20ug mitochondrial protein and Complex IV and citrate synthase were tested using 5ug mitochondrial protein. Complex I, II and IV assays were run with proper inhibitors to subtract the background activity.
Mitochondrial membrane potential and Ca ++ sensitivity
Mitochondrial membrane potential and permeability transition were measured using the fluorescent probe rhodamine 123 with a Perkin Elmer LS50B luminescent spectrophotometer set at 490 nm excitation and 535 nm emission with stirring according to the protocol described by Lee et al [105] . Half a milligram of mitochondrial protein was added to 3 ml of reaction buffer.
Mitochondrial oxidative stress measures
Mitochondrial H2O2 production-H 2 O 2 production in 0.5 mg forebrain mitochondrial protein was measured by increase in fluorescence by oxidation of PHPA (phydroxyphenylacetate) in the presence of horseradish peroxidase (HRP) as described by Hyslop et al [113] .
Measuring mitochondrial superoxide production-Generated superoxide anion production in 0.5ug mitochondrial protein was measured using Mito-Sox (Invitrogen) fluorescence at 510 nm excitation/580 nm emission as described in detail by Robinson et al [114] .
Highlights
> mtDNA haplogroup polymorphisms such as the tRNA Gln nt 4336 have been established as risk factors for AD and PD. > Somatic mtDNA mutations accumulate with age and are elevated in brains & systemically in AD, PD, and DSAD. > AD, DS, and DSAD brains showed reduced mtDNA ND6 transcript levels and altered mtDNA/nDNA ratios. >Triple transgenic-AD mouse males have reduced mitochondrial respiration rates throughout life. > 3XTg-AD female mice initially have elevated respiration and complex I & IV activities which declines with age. Increased mtDNA Control Region Mutation Levels in PD Brains. These data were collected as in [85] and analyzed as in [86] and found to be significant (p=0.002 ANOVA). Elevated Somatic mtDNA Mutation Rates AD and DSAD. Panel A: Elevated somatic mtDNA mutation levels in the brains and blood samples of the same patients and controls, Ctr = control and CFmtDNA = cell free mtDNA sample. Panel B: Elevated somatic mtDNA mutation levels in lymphoblastoid cell lines from AD and DSAD patients. Reprinted from [86] . Reduced Forebrain Weight in 3XTg-AD Mice Throughout Life. Cytochrome c Oxidase (Complex IV) Activities of 3XTg-AD Mice Throughout Life. Male 3XTg-AD and male control activities are comparable. However, the female 3XTg-AD levels start comparable to control females but then decline with age. Striking Biphasic Complex I Activity in 3XTg-AD Female Mice Throughout Life
